Bleaching with the F-light at the excitation bandpass of 20 nm results in the phenomenon that F-centre peak and thermoluminescence (TL) glow peaks due to F z -and F-centres identically decrease with the F-bleach time, whereas TL glow peak due to F z -centre only remains almost constant irrespective of its time in the case of that at the excitation bandpass of 5 nm. Analysing the data on bleaching effects, absorption spectrum of X-ray irradiated KCl:Eu 2+ crystal has a peak due to F z -centre approximately within 20 nm of the wavelength 560 nm at F-centre peak. Electrons released from F z -centres at 370 K and from F-centres at 450 K combine with Eu 3+ ions, leading to the excited Eu 2+ ions from which the luminescence at 420 nm is emitted.
Introduction
It is ascertained that when pure KCl and KCl:Eu 2+ were subjected to the same X-ray radiation dose, the thermoluminescence (TL) intensity of the KCl:Eu 2+ phosphor is at least three orders of magnitude larger than that of pure KCl under the same reading conditions [1] . The europium is known as a fluorescent material and causes strong luminescence. Also, KCl:Eu 2+ exhibits an optically stimulated luminescence (OSL) for optical stimulation after X-ray irradiation, of which the intensity is proportional to the X-ray absorbed dose [2] . It has been further reported that the photostimulated luminescence (PSL) intensity increases linearly with X-ray irradiation dose over a wide range of its dose [3] . Electron-hole pairs are generated during X-ray irradiation of KCl:Eu 2+ and chlorine vacancies store the electrons producing F-centres (trapped electrons). Under a photostimulation of 560 nm, which corresponds to the absorption wavelength of the F-centres in KCl:Eu 2+ [4] , the electrons liberated from the F-centres recombine with the trapped holes. The energy released in the PSL process results in characteristic Eu 2+ luminescence. The F-centres hereby function as electron trapping sites in the PSL process. KCl:Eu 2+ is one of the efficient PSL phosphors with an excellent sensitivity as a two-dimensional X-ray imaging sensor utilising OSL phenomenon [1] and is much more useful than conventional X-ray film in the fields of radiation dosimetry and X-ray diffraction for molecular biology applications [5] [6] [7] . KCl:Eu 2+ exhibits excellent storage performance and is reusable material for radiation therapy dosimetry [8, 9] .
Thus far, a number of studies on OSL and TL processes have been conducted under X-ray irradiation and have proved that Fand F z -centres (F-centres perturbed by neighbouring Eu 2+ ions), which act as the trapping sites for the electrons, are directly involved their processes. However, to our knowledge, the details seem not to be clear (see, e.g., [10, 11] ). In this paper, optical absorption (OA) and TL glow are measured at various conditions for KCl:Eu 2+ crystals after X-ray irradiation.
Experimental Procedure
KCl single crystal doped with Eu 2+ (0.02, 0.04, 0.1 mol% in melt) was grown from the melt of superfine reagent powders by the vertical Bridgeman method. The specimens, which were cleaved to the size of 2 × 3 × 5 mm 3 from the ingot, were kept below the melting point for 15 h in order to remove internal strains as far as possible, followed by gradually cooling to room temperature within 20 h. Furthermore, the specimens were held at 623 K for 30 min and then were quenched to room temperature in order to disperse the dopant ions in them. The specimens were exposed to X-ray on the wide surfaces at room temperature. The irradiation was carried out with X-rays from W-target operated at 40 kV and 30 mA by Shimadzu XD-610 (Shimadzu Corp., Kyoto, Japan). The absorbed dose rate of KCl:Eu 2+ at the specimen position was about 5.22 Gy min −1 . The absorption spectra of KCl:Eu 2+ irradiated by the X-ray up to the time of 120 min were measured with a Hitachi U-3500 spectrophotometer. Figure 1 shows a schematic diagram of the TL observing system at various temperatures. Thermal-bleach was conducted by heating at the rate of 24 K min −1 up to 525 K after the irradiation. The linear increase of the temperature of the specimen (X-ray irradiated KCl:Eu 2+ ) is shown in Figure 2 and the data registration was controlled by a Chino JP1131-R00 temperature controller (Chino Corp., Tokyo, Japan). The filter in the figure was used to exclude the infrared rays from the heater. Luminescence was observed using a photomultiplier (Hamamatsu R928) with a sensitive region from 185 to 900 nm. Luminescence intensity was recorded on a computer and then the data were processed. Furthermore, the absorption spectra and the TL intensity of X-ray irradiated KCl:Eu 2+ were also measured after thermal-bleach or F-bleach (excitation bandpass: 5 and 20 nm) by using a Hitachi U-3010 fluorescence spectrometer in order to clarify the nature of the electron traps after the irradiation. The F-light source was a xenon lamp of which the emission spectra are shown in Figure 3 . All experiments were carried out at 300 to 525 K and the irradiation and measurements were performed in the dark to avoid the unwanted effect of environmental light. The behaviour of OA and TL glow peaks is reported here in order to obtain a further insight into this situation.
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Dependence of Absorption Spectrum and TL Glow on Irradiation Time
The absorption spectra and TL glow curves are shown in Figure 6a ,b respectively for X-ray irradiated KCl:Eu 2+ (0.04 mol%) at various irradiation times. When the irradiation time becomes longer, the height of the peak due to F-centre increases and that due to Eu 2+ seems to be unclear taking account of the base line, as shown in Figure 6a . This means higher concentration of F-centre in the crystal with X-ray irradiation dose. Although the production of F-centre leads to the decrease of the concentration of the Eu 2+ ion, the great difference between the two (i.e. F-centre and Eu 2+ ion) concentrations in the crystals may result in the observations that 343 nm band due to the Eu 2+ ion seems mostly unchanged in Figure 6a . As an instance, the F-centre concentration is 2.57 ppm using Smakura's formula and that of Eu 2+ is 105.6 ppm according to Hernandez et al. [15] for 40 min irradiation. Meanwhile, the absorption peak at about 825 nm is insensitive to the increment of irradiation dose. The heights of two peaks due to the Fz-and F-centres, namely LTP and HTP, increase with the irradiation time in Figure 6b . LTP shifts to slightly higher temperature with its time. This may suggest that the excitonic electrons are trapped into deeper states when the irradiation dose increases. With regard to HTP, the peak lies a little toward high temperature side below 6 min of the time. 
The absorption spectra and TL glow curves are shown in Figure 6a ,b respectively for X-ray irradiated KCl:Eu 2+ (0.04 mol%) at various irradiation times. When the irradiation time becomes longer, the height of the peak due to F-centre increases and that due to Eu 2+ seems to be unclear taking account of the base line, as shown in Figure 6a . This means higher concentration of F-centre in the crystal with X-ray irradiation dose. Although the production of F-centre leads to the decrease of the concentration of the Eu 2+ ion, the great difference between the two (i.e. F-centre and Eu 2+ ion) concentrations in the crystals may result in the observations that 343 nm band due to the Eu 2+ ion seems mostly unchanged in Figure 6a . As an instance, the F-centre concentration is 2.57 ppm using Smakura's formula and that of Eu 2+ is 105.6 ppm according to Hernandez et al. [15] for 40 min irradiation. Meanwhile, the absorption peak at about 825 nm is insensitive to the increment of irradiation dose. The heights of two peaks due to the F z -and Fcentres, namely LTP and HTP, increase with the irradiation time in Figure 6b . LTP shifts to slightly higher temperature with its time. This may suggest that the excitonic electrons are trapped into deeper states when the irradiation dose increases. With regard to HTP, the peak lies a little toward high temperature side below 6 min of the time. Figure 6a and of each peak (LTP and HTP) in Figure 6b with the X-ray irradiation time. The absorption coefficient at about 560 nm is termed AC560 in this paper. These three peaks increase and subsequently increase further slowly with increasing the irradiation time below 60 min and then tend to a saturation value. The values of AC560, LTP and HTP, which are read at the same irradiation time in Figure 7 , are plotted in Figure 8 . Both LTP (blue dotted line) and HTP (red dotted one) monotonically become large depending on AC560, as can be seen from the figure. This may suggest that AC560 is not only due to LTP (i.e. Fz-centre) but also HTP (i.e. F-centre). Figure 6b with the X-ray irradiation time. The absorption coefficient at about 560 nm is termed AC560 in this paper. These three peaks increase and subsequently increase further slowly with increasing the irradiation time below 60 min and then tend to a saturation value. The values of AC560, LTP and HTP, which are read at the same irradiation time in Figure 7 , are plotted in Figure 8 . Both LTP (blue dotted line) and HTP (red dotted one) monotonically become large depending on AC560, as can be seen from the figure. This may suggest that AC560 is not only due to LTP (i.e. F z -centre) but also HTP (i.e. Fcentre). Figure 6b with the X-ray irradiation time. The absorption coefficient at about 560 nm is termed AC560 in this paper. These three peaks increase and subsequently increase further slowly with increasing the irradiation time below 60 min and then tend to a saturation value. The values of AC560, LTP and HTP, which are read at the same irradiation time in Figure 7 , are plotted in Figure 8 . Both LTP (blue dotted line) and HTP (red dotted one) monotonically become large depending on AC560, as can be seen from the figure. This may suggest that AC560 is not only due to LTP (i.e. Fz-centre) but also HTP (i.e. F-centre). 
Absorption Spectrum and TL Glow after F-Bleach and Thermal-Bleach
KCl:Eu 2+ (0.1 mol%) crystals after X-ray irradiation (irradiation time 8 min) were bleached with F-light (560 nm wavelength). The bleach was conducted using an optical bandpass filter with 5 nm bandwidth. Therefore, the F-light bleaching removes the F-centre peak within 5 nm bandwidth from the TL signal and the Fz-centre peak is enhanced. This may lead to resolve the Fz-centre. Figure  9a represents variation of AC560 with the F-light exposure time. Figure 9b shows those of LTP (blue solid line) and HTP (red solid one) of TL glow curve with the F-light exposure time. 
KCl:Eu 2+ (0.1 mol%) crystals after X-ray irradiation (irradiation time 8 min) were bleached with F-light (560 nm wavelength). The bleach was conducted using an optical bandpass filter with 5 nm bandwidth. Therefore, the F-light bleaching removes the F-centre peak within 5 nm bandwidth from the TL signal and the F z -centre peak is enhanced. This may lead to resolve the F z -centre. 
KCl:Eu 2+ (0.1 mol%) crystals after X-ray irradiation (irradiation time 8 min) were bleached with F-light (560 nm wavelength). The bleach was conducted using an optical bandpass filter with 5 nm bandwidth. Therefore, the F-light bleaching removes the F-centre peak within 5 nm bandwidth from the TL signal and the Fz-centre peak is enhanced. This may lead to resolve the Fz-centre. Figure  9a represents variation of AC560 with the F-light exposure time. Figure 9b shows those of LTP (blue solid line) and HTP (red solid one) of TL glow curve with the F-light exposure time. Similarly, the X-ray irradiated crystals were also bleached with F-light at the excitation bandpass of 20 nm. X-ray irradiation time was 6 min. Figure 10a ,b is shown as a result of bleaching with the F-light. All of AC560, LTP (blue solid line) and HTP (red solid one) identically decrease with increasing exposure time of the F-light. This is expected to free the electrons trapped at vacancies near or far away from a Eu 2+ ion-cation vacancy dipole. The absorption peak due to the F z -centre does not exist on about 560 nm wavelength. However, the hidden peak due to the F z -centre is either on the lower or on the higher side of 560 nm in the absorption spectrum. This supports the report that the absorption band with a maximum at 590 nm is associated with F z -centres in the KCl:Eu 2+ (0.1 wt%) crystal at 10 K, which is previously X-ray irradiated and subsequently photostimulated with F-light (wavelength 520 nm) at room temperature [13] . In Figures 9b and 10b LTP initially increases in intensity below the exposure time 1 min, whereupon there is the dynamical rearrangement of F-centres to Eu 2+ to form F z here (F-centres transform partially to F z -centres during the F-bleach) as described in the papers [11, 14] .
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Similarly, the X-ray irradiated crystals were also bleached with F-light at the excitation bandpass of 20 nm. X-ray irradiation time was 6 min. Figure 10a ,b is shown as a result of bleaching with the F-light. All of AC560, LTP (blue solid line) and HTP (red solid one) identically decrease with increasing exposure time of the F-light. This is expected to free the electrons trapped at vacancies near or far away from a Eu 2+ ion-cation vacancy dipole. The absorption peak due to the Fz-centre does not exist on about 560 nm wavelength. However, the hidden peak due to the Fz-centre is either on the lower or on the higher side of 560 nm in the absorption spectrum. This supports the report that the absorption band with a maximum at 590 nm is associated with Fz-centres in the KCl:Eu 2+ (0.1 wt%) crystal at 10 K, which is previously X-ray irradiated and subsequently photostimulated with F-light (wavelength 520 nm) at room temperature [13] . In Figures 9b and 10b LTP initially increases in intensity below the exposure time 1 min, whereupon there is the dynamical rearrangement of F-centres to Eu 2+ to form Fz here (F-centres transform partially to Fz-centres during the F-bleach) as described in the papers [11, 14] . Secondly, thermal-bleach was carried out for X-ray irradiated KCl:Eu 2+ (0.02 mol%) crystals on purpose to obtain further insight into the nature of the electron traps after the irradiation. X-ray irradiation time was 10 min. Dependence of AC560 (red solid line), LTP (blue solid one) and HTP (green solid one) on the bleach temperature is shown in Figure 11 . These peak values without thermal-bleach are also presented as plots on ordinate of the figure for effect. The height of LTP decreases with the bleach temperature above 360 K and approaches to zero at 400 K. At the corresponding bleach temperature (360 K), AC560 also begins to become small with the bleach temperature, as shown in Figure 11 . This may lead to the phenomenon that the wavelength at Fz-centre and F-centre peaks in the absorption spectrum is nearly equal with each other, as previously mentioned in this section. Above the bleach temperature of 400 K, reduction in AC560 continues in accordance with the bleach temperature dependence of HTP until 473 K. These results would mean that electrons trapped at shallow traps (i.e. Fz-centres) begin to be set free at about 370 K and end detrapping from the traps around 400 K. Continuously, electrons trapped at deep traps (i.e. F-centres) begin to detrap within 400 to 473 K. That is to say, this allows us to confirm two overlapping absorption peaks due to F-and Fz-centres around the peak at wavelength 560 nm in Figures 4 and 6a , though Fz-centre peak is too low to be observed here. Secondly, thermal-bleach was carried out for X-ray irradiated KCl:Eu 2+ (0.02 mol%) crystals on purpose to obtain further insight into the nature of the electron traps after the irradiation. X-ray irradiation time was 10 min. Dependence of AC560 (red solid line), LTP (blue solid one) and HTP (green solid one) on the bleach temperature is shown in Figure 11 . These peak values without thermal-bleach are also presented as plots on ordinate of the figure for effect. The height of LTP decreases with the bleach temperature above 360 K and approaches to zero at 400 K. At the corresponding bleach temperature (360 K), AC560 also begins to become small with the bleach temperature, as shown in Figure 11 . This may lead to the phenomenon that the wavelength at F z -centre and F-centre peaks in the absorption spectrum is nearly equal with each other, as previously mentioned in this section. Above the bleach temperature of 400 K, reduction in AC560 continues in accordance with the bleach temperature dependence of HTP until 473 K. These results would mean that electrons trapped at shallow traps (i.e. F z -centres) begin to be set free at about 370 K and end detrapping from the traps around 400 K. Continuously, electrons trapped at deep traps (i.e. F-centres) begin to detrap within 400 to 473 K. That is to say, this allows us to confirm two overlapping absorption peaks due to Fand F z -centres around the peak at wavelength 560 nm in Figures 4 and 6a , though F z -centre peak is too low to be observed here. Figure 11 . Variations of F-centre peak in absorption spectrum and each peak of TL glow curve with thermal-bleach temperature for X-ray irradiated (irradiation time: 10 min) KCl:Eu 2+ (0.02 mol%) single crystals.
Variation of TL Spectrum with Temperature
TL spectrum was measured in order to investigate luminescence centre on TL glow of X-ray irradiated KCl:Eu 2+ (0.04 mol%) crystals. Figure 12 shows the collection of TL spectra at each temperature for the phosphor crystals. X-ray irradiation time was 10 min. TL spectrum has a peak of 420 nm at LTP and HTP of TL glow curve. The luminescence peak is the same peak as that obtained by OSL measurements of X-ray or ultraviolet-ray irradiated KCl:Eu 2+ crystals in the paper [16] . Luminescence spectra in Figure 12 are explained using the energy-band diagram as shown in Figure  13 as follows. X-ray irradiation causes free electrons and holes in the crystal. It is likely that a part of the free electrons excited from Eu 2+ ions to conduction band are trapped at anion vacancies to produce the Fz-centres at the low temperature (370 K) and the F-centres at the high temperature (450 K). Some holes are also trapped at Eu 2+ to produce Eu 3+ ions. Electrons released from Fz-and F-centres combine Figure 11 . Variations of F-centre peak in absorption spectrum and each peak of TL glow curve with thermal-bleach temperature for X-ray irradiated (irradiation time: 10 min) KCl:Eu 2+ (0.02 mol%) single crystals.
TL spectrum was measured in order to investigate luminescence centre on TL glow of X-ray irradiated KCl:Eu 2+ (0.04 mol%) crystals. Figure 12 shows the collection of TL spectra at each temperature for the phosphor crystals. X-ray irradiation time was 10 min. TL spectrum has a peak of 420 nm at LTP and HTP of TL glow curve. The luminescence peak is the same peak as that obtained by OSL measurements of X-ray or ultraviolet-ray irradiated KCl:Eu 2+ crystals in the paper [16] . Luminescence spectra in Figure 12 are explained using the energy-band diagram as shown in Figure 13 as follows.
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TL spectrum was measured in order to investigate luminescence centre on TL glow of X-ray irradiated KCl:Eu 2+ (0.04 mol%) crystals. Figure 12 shows the collection of TL spectra at each temperature for the phosphor crystals. X-ray irradiation time was 10 min. TL spectrum has a peak of 420 nm at LTP and HTP of TL glow curve. The luminescence peak is the same peak as that obtained by OSL measurements of X-ray or ultraviolet-ray irradiated KCl:Eu 2+ crystals in the paper [16] . Luminescence spectra in Figure 12 are explained using the energy-band diagram as shown in Figure  13 as follows. X-ray irradiation causes free electrons and holes in the crystal. It is likely that a part of the free electrons excited from Eu 2+ ions to conduction band are trapped at anion vacancies to produce the Fz-centres at the low temperature (370 K) and the F-centres at the high temperature (450 K). Some holes are also trapped at Eu 2+ to produce Eu 3+ ions. Electrons released from Fz-and F-centres combine The process is expressed by: Eu 3+ + e − → (Eu 2+ )* → Eu 2+ + ν h (420 nm) (1) where e − indicates free electron, (Eu 2+ )* is the divalent europium excited state and ν h has its usual meaning. Accordingly, the transition from the excited state of divalent europium to the ground state results in the 420 nm luminescence, which is due to the 4f 6 5d→4f 7 transition of Eu 2+ ions [12] . Figure 13 . Energy-band diagram at KCl:Eu 2+ phosphor crystal for excitation and emission mechanism in X-ray irradiated specimen.
Conclusions
The following conclusions were derived from the results and discussion based on the data analysed in terms of the absorption spectrum, TL glow and TL spectrum for X-ray irradiated KCl:Eu 2+ crystals.
(1) Bleaching with the F-light at the excitation bandpass of 20 nm results in the phenomenon that F-centre peak, LTP and HTP identically decrease with the F-bleach time, whereas LTP only remains almost constant irrespective of its time in the case of that at the excitation bandpass of 5 nm.
(2) During the thermal-bleach above 360 K, F-centre peak in the absorption spectrum continues to reduce in accordance with the bleach temperature dependence of two TL glow peaks: LTP at 360 to 400 K and HTP at 400 to 473 K.
(3) The X-ray irradiation induces Fzand F-centres in KCl:Eu 2+ crystal, of which the wavelengths are almost equalled with each other in the absorption spectrum. The wavelength at Fz-centre peak is approximately within 20 nm of it (560 nm) at F-centre peak.
(4) Luminescence centre on LTP and HTP of TL glow curve is considered to depend on the excited Eu 2+ ions which are created by the combination of Eu 3+ ions and free electrons from Fz-centres or F-centres.
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Funding: This research received no external funding. Figure 13 . Energy-band diagram at KCl:Eu 2+ phosphor crystal for excitation and emission mechanism in X-ray irradiated specimen. X-ray irradiation causes free electrons and holes in the crystal. It is likely that a part of the free electrons excited from Eu 2+ ions to conduction band are trapped at anion vacancies to produce the F z -centres at the low temperature (370 K) and the F-centres at the high temperature (450 K). Some holes are also trapped at Eu 2+ to produce Eu 3+ ions. Electrons released from F z -and F-centres combine with Eu 3+ ions at each temperature leading to the excited Eu 2+ ions from which the 420 nm emitted. The process is expressed by:
Eu 3+ + e − → (Eu 2+ )* → Eu 2+ + hν(420 nm)
where e − indicates free electron, (Eu 2+ )* is the divalent europium excited state and hν has its usual meaning. Accordingly, the transition from the excited state of divalent europium to the ground state results in the 420 nm luminescence, which is due to the 4f 6 5d→4f 7 transition of Eu 2+ ions [12] .
(3) The X-ray irradiation induces F z -and F-centres in KCl:Eu 2+ crystal, of which the wavelengths are almost equalled with each other in the absorption spectrum. The wavelength at F z -centre peak is approximately within 20 nm of it (560 nm) at F-centre peak.
(4) Luminescence centre on LTP and HTP of TL glow curve is considered to depend on the excited Eu 2+ ions which are created by the combination of Eu 3+ ions and free electrons from F z -centres or F-centres.
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